Collective cell movement, characterized by multiple cells that are in contact for substantial periods of time and undergo correlated motion, plays a central role in cancer and embryogenesis. Recent imaging experiments have provided time-dependent traces of individual cells, thus providing an unprecedented picture of tumor spheroid growth. By using simulations of a minimal cell model, we analyze the experimental data that map the movement of cells in fibrosarcoma tumor spheroid embedded in a collagen matrix. Both simulations and experiments show that cells in the core of the spheroid exhibit subdiffusive glassy dynamics (mean square displacement, ∆(t) ≈ t α with α < 1), whereas cells in the periphery exhibit superdiffusive motion, ∆(t) ≈ t α with α > 1). The motion of most of the cells near the periphery undergo highly persistent and correlated directional motion, thus explaining the observed superdiffusive behavior. The α values for cells in the core and periphery, extracted from simulations and experiments are in near quantitative agreement with each other, which is surprising given that no parameter in the model was used to fit the measurements.
where E i and ν i are the elastic modulus and Poisson ratio of the i th cell. The overlap distance between the two cells is denoted by h ij . The adhesive interaction (F ad ij ) is given by,
where A ij is the overlap area between the two interacting cells and f ad determines the strength of adhesive bond (c rec i = c lig i = 1). The net force (F i ) on the i th cell is the vectorial sum of elastic and adhesive forces that the neighboring cells exert on it. We performed 6 over damped dynamics simulations without thermal noise because the matrix viscosity is assumed to be large. Therefore, the equation of motion is taken to beṙ i = F i γ , where γ is the friction term which models the matrix as a thick gel and r i is the position of the i th cell.
In the simulations the cells grow stochastically and divide on reaching a critical radius.
The growth of the i th cell is dependent on the microenvironment, which is determined by the pressure p i due neighboring cells. If p i is smaller than a pre-assigned critical value, p c , the cell grows in size. However, if p i > p c , the i th cell becomes dormant. The cell can switch between the dormant and growth mode depending on the ratio of p i pc . The cell volume grows stochastically in time and it divides into two daughter cells (volume is conserved during cell division) on reaching a critical size. The growth of cell is controlled by cell cycle time (τ min ), which was taken to be 15 hours. Apoptosis can also take place in the simulations where a cell is randomly removed. The apoptosis rate is given by k a = 10 −6 s −1 .
Because k a << 1 τ min , we are simulating a growing system. Note that the cell cycle time in experiments (τ f ib = 21 hours) and simulations (τ min = 15 hours) are comparable. It should be stressed that neither τ min nor any other parameter was tweaked to obtain agreement with experimental data.
We initiated the simulations by placing 100 cells whose x, y, z coordinates are chosen from a normal distribution with zero mean and standard deviation 20 µm. The simulated tumor spheroid was evolved for 600, 000 s or 11.1 τ min . The trajectories of all the cells were recorded and analyzed in order to calculate dynamical observables that sheds light on heterogeneity.
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III. RESULTS
Subdiffusive core and Superdiffusive periphery: We first discuss our analysis of the experimental data. Given the small number of cells (150) imaged in the experiment [15] , we divided the cells into two parts based on their distances from the center of the spheroid (R c ) (see the left inset in figure 1a ). We classified cells as belonging to the core (periphery) if their distances from the center, R c , is less (greater) than 1.5 mm (2 mm). Since, imaging the cells in the core of a spheroid is technically difficult, there are fewer cells (27) in the core compared to the cells in the periphery (100). Mean Squared Displacement (MSD), ∆(t), is one of the metrics that can be readily evaluated from single particle trajectories [36] . We evaluated ∆(t) using,
where N c is the number of cells that belong to either the periphery or the core, and r k (t) is the position of cell k at time t. We denote t i as the time when measurement of cell trajectory begins, and t represents the time of the spheroid growth. In calculating ∆(t) we did not perform any time average because the spheroid is far from equilibrium, which could imply that the behavior of ∆(t) might depend on type of averaging performed [37] .
In general, we expect that ∆(t) ≈ t α . If α < 1, then the dynamics is subdiffusive, which could be suggestive of glass-like behavior. For a fluid-like motion α = 1. If α exceeds unity then the dynamics would be superdiffusive. Figure 1a shows that cells in the tumor core undergo subdiffusive dynamics with α = 0.66. In contrast, fibrosarcoma cells in the peripheral region undergo superdiffusive dynamics with α = 1.34 (see the right inset of figure 1a for fits to log(∆(t)) vs log(t), the slope of which determines α).
In order to understand the spatially heterogeneous anomalous diffusion in a growing spheroid (1a), we simulated a freely expanding cell colony in 3D using the methods described elsewhere [23, 33, 34] . We divided the simulated tumor spheroid into core and periphery. In the simulated tumor, cells with R c < 30 µm are classified as belonging to the core whereas cells with R c > 60 µm, are assumed to be in the periphery. There exists a substantial length scale difference in what we define as periphery and core in simulations as compared to experiments because the size of the spheroid is on the order of mm in experiments whereas the simulated spheroid reaches sizes on the order ≈ 0.2 mm. However, the simulations capture the experimental findings well. For the two spatial regions, we calculated ∆(t)
for cells as was done for the experiments (figure 1a). Figure 1b shows that in the limit t > τ min , the MSD for cells in the interior is subdiffusive with α = 0.58, whereas the cells at the periphery exhibit superdiffusive behavior with α = 1.52. The plot was generated by tracking cells which were present in the simulation (note that cells can undergo apoptosis in simulations) between initial time t i ≈ τ min and the final time t f ≈ 11.1τ min where τ min = 54, 000 s. We averaged the calculations over 50 such simulations. The α values extracted from simulations are in near quantitative agreement with experiments, which is remarkable given that no parameter in the model was adjusted to describe the experiments. Both experiments and simulations show that the cells at the tumor core display glass-like behavior (α < 1) and those in the periphery undergo superdiffusive (α > 1).
Spatial variations in the MSD and the diffusion exponent:
The quantitative agreement with experiments for α values allow us to use simulations to provide nuanced analyses of the cell trajectories. We sub-divided the simulated tumor spheroid into a series of layers, and calculated ∆(t) for cells in each layer. The thickness of a layer corresponds to one to two cell diameters of size 10µm or 20µm. We performed statistical averages using cells which were in the simulations between time τ min and 11τ min . In figure 1c , the time The predictions for the spatial dependence of the MSD exponent α is shown in figure 1d ,
where the x-axis has been scaled by R o , which is the approximate radius of tumor spheroid.
For experiments R o is ≈ 3 mm and for simulations R o is ≈ 0.1 mm. The prediction that the diffusion exponent varies spatially as the distance from the spheroid center increases can be tested in experiments if the number of cells tracked in experiments is increased. We believe that light sheet microscopy methods could be used to test our predictions that the dynamics would change continuously from being jammed to exhibiting superdiffusive behavior [17, 38] .
van Hove function is non-Gaussian: The anomalous nature of diffusion of cells inside the tumor spheroid can be gleaned by calculating the van Hove function (P (∆x)) which gives the distribution of ∆x obtained from,
where x i (t) is the x coordinate of i th cell at time t. and simulations (δt = 10 mins). If the cells exhibited liquid-like dynamics then P (∆x)
would be a Gaussian [39] . This expectation is in sharp contrast with the nature of cell movement seen in figure 2 . For cells in both the regions, P (∆x)'s exhibit a fat tail in the distributions deviating substantially from Gaussian behavior. However, cells near the periphery take longer jumps indicating the fast movement of cells compared to cells in the core. As discussed elsewhere this is a manifestation of dynamic heterogeneity [40] [41] [42] . 
Superdiffusive exponent is invariant under time translation:
N denotes the total number of cells tracked and ... t refers to time average. Figure To ascertain if our simulations are in accord with the analysis of the experimental data, we calculated the time averaged MSD during different time periods of spheroid growth. Figure   3a shows the snapshots of simulations at t = 3τ min , t = 5τ min , t = 7τ min and t = 11τ min . In the simulations, we considered cell trajectories for three time periods as done in experiments.
The three periods were 3τ min < t < 4τ min , 5τ min < t < 6τ min and 7τ min < t < 8τ min . The averaging was performed over all the cells that were present during both the beginning and at the end of measurement. Figure 3c shows the behavior of time averaged MSD during the three time intervals. Our simulations show the same behavior as obtained in experiments, with α = 1.37 for measurements during the three time intervals.
Self-Overlap Function and Fourth Order Susceptibility: The extent of spatially 11 heterogeneous dynamics can be further quantified using the self overlap function (Ω(l, t d )) [43, 44] ,
where N c is the number of cells in core or periphery of the tumor spheroid, t d is the delay time, and l is the characteristic length scale associated with the overlap function Ω(l, t d ).
The overlap function for the i th cell is given by
and where .... t is an average over time. We calculated Ω i (l, t d , t) using,
The length l, serves as the cutoff distance for which the Heaviside function (
measures degree of movement of cells in the time t d . We first calculated Ω(l, t d )
using the experimental imaging data. Figure 4a , shows the difference in the decay of Ω(l, t d )
of the cells in the core (R c < 1.5 mm) and the periphery (R c > 2 mm). The value of l was chosen as 100 µm because on this length scale the difference between the dynamics of the interior and periphery cells are vivid (see figure 1a ). Figure 4a shows the stark difference in the dynamics of cells in the core, which exhibit slow dynamics compared to cells near the tumor boundary, which is also reflected in figure 1a . The plot of Ω(l, t d ) for cells in the periphery was fit to an exponential (Ae − t d τ ), which yielded τ = 0.3τ f ib (τ f ib is the cell doubling time for fibrosarcoma cells).
We also calculated Ω(l, t d ) from simulations using l = 10 3 µm which is small compared to l = 100 µm, due to difference in spheroid sizes. However, the length scale l, in both experiments and simulations satisfy the criterion l Ro E = l Ro S , where R o is the radius of the tumor, and the subscripts E and S referent to experiments and simulations, respectively.
With this criterion the experimental and simulation results could be compared on equal footing. As mentioned earlier, R o for experiments is 3 mm and for simulation is 0.1 mm. Figure 4b shows the difference in the overlap function of cells in the interior (R c < 30µm) and the periphery region (R c > 60µm) for the simulated tumor spheroid. The behavior of the overlap function calculated in simulations qualitatively matches with the experiments for the core cells. The exponential fit for the decay of Ω(l, t d ) (Ae − t d τ ) yielded τ p = 0.6τ min and τ c = 3.2τ min for the cells in the core and periphery respectively . The decay time τ , for the cells the periphery, obtained using simulations (τ p = 0.6τ min ) is in good agreement with the experiments (τ = 0.3τ f ib ). However, it is difficult to compare the behavior of Ω(l, t d ),
for cells in the core between experiments and simulations because the cells were not imaged for sufficient time in the experiments (the Ω(l, t d ) curve does not decay substantially. For cells in the core, the relaxation time τ c = 3.2τ min (see figure 4b obtained from simulations), is six times longer than τ p ( τc τp ≈ 6). Hence, we hypothesize that the imaging needs to be performed at least six times longer than current observation time to observe the relaxation of the Ω(l, t d ) for cells in the core.
Spatial variations in Ω(l, t d ):
We sub-divided the tumor spheroid into multiple layers and calculated Ω(l, t d ) for cells in a given layer. Figure 4c shows the dependence of Ω(l, t d )
as a function of distance from the center of the spheroid. The cells in the inner most layer execute very slow glass-like dynamics compared to the outermost layer. In order to further distinguish between the slow and fast dynamics in different layers in the spheroid, we calculated the fourth order susceptibility (χ 4 (l, t d )) [29] , with cells in the periphery exhibiting a peak in χ 4 (l, t d ). We should note that in simulations, χ 4 (l, t d ) for cells in the core exhibits a peak, which is absent in the experiments. As explained earlier this is because the peak in χ 4 (l, t d ), which usually occurs when Ω(l, t peak ) = 1 e , for cells in the core would occur at longer time scales ( τc τp ≈ 6).
To understand the behavior of χ 4 (l, t d ) as a function of R c , we sub-divided the simulated tumor spheroid in several layers. Figure 5c shows the behavior χ 4 (l, t d ) for cells as a function of distance from the center of spheroid (R c ). We note two interesting aspects from the behavior of χ 4 (l, t d ). Firstly, the position of peak in χ 4 (l, t d ), which corresponds to the maximal heterogeneity in the movement on cells at length scale l, shifts to the right due to the slow dynamics as we approach the center of tumor spheroid. Secondly, the amplitude of the peak in χ 4 (l, t d ), which corresponds to growing dynamical correlation length [45] , initially increases (see inset of figure 5c) and then decreases as a function of distance from the spheroid.
Cells in the periphery undergo directed and highly persistent motion: The massively heterogeneous nature of cell motility within a single tumor spheroid can be highlighted using the time-dependent changes in the trajectories of individual cells. We first analyzed the directionality of individual cell movement as a function of the distance from the center of spheroid (R c ) by calculating the Straightness Index (SI) [46] ,
The numerator in the above equation is the magnitude of the net displacement of the i th cell between time t i and time t f . The denominator is the total length of the trajectory of the i th cell, and N r is the number of cells between R c and R c + δR c . For experiments, δRc Ro = 0.14 whereas δRc Ro = 0.1 for simulations. If SI is unity, then the cells move along a 14 perfectly straight trajectory. Figure 6a , which displays the straightness of trajectories of cells calculated using experimental data in a growing spheroid on day 7 during 8 hours of imaging, shows clearly that straightness of the trajectory increases as the distance of the cell from the spheroid core increases. We also evaluated SI(R c ) (see figure 6b ) in simulations using t i = τ min and t f = 11.1τ min . The behavior of SI(R c ) agrees well with the trends observed in experiments. The cells in the core (periphery) have SI → 0 (SI → 1).
Massive spatially heterogeneous dynamics:
To further illustrate the difference in the directed motility of cells in the periphery and the core, we calculated the persistence of individual cell movements in both experiments and simulations. We defined persistence (P (t d )) using the velocity of the cells as,
In Eq. 11,v i (t) is the unit velocity vector of the i th cell at time t, N c is the number of cells in the spheroid core or the periphery, t d is the delay time, and ... t refers to time average.
Figures 6c and 6d
show the P (t d ) curves as a function of t d calculated from experimental data and simulations, respectively. We calculated P (t d ) from simulations using the cells that were present during the time interval 10τ min and 11.1τ min . Cells on the periphery move in a highly persistent (directed motion with hardly any decay in P (t d ) as t d changes) manner compared to cells in the interior. The results in these figures show dramatically that there are substantial cell-to-cell variations in P (t d ) with no two cells exhibiting similar behavior.
In particular, there is widespread heterogeneity in trajectories of individual cells (see P t d for individual cells which are denoted by thin lines). This finding is also reminiscent of glassy systems, characterized by large subsample to subsample fluctuations within a single large sample of a glass [47] . The results in figures 6c and 6d imply that averages, shown in dark colors, have no physical meaning, and could provide misleading information. The massively spatially heterogeneous dynamics of individual cells during collective movement might be a plausible mechanism for the origin of intratumor heterogeneity [30] [31] [32] .
IV. DISCUSSION
We have used simulations of a minimal model [23] to analyze the experimental results [15] , The sluggish cell dynamics in the core is reminiscent of relaxation in supercooled liquids as they undergo a transition to a glassy state [31] . Using concepts from glass transition theory, we showed that higher order susceptibility for cells near the tumor periphery in experiments, which are fully accounted for in the simulations, shows a peak at t ≈ 5.6
hours -the approximate time over which coherent motion occurs. A similar calculation for the interior jammed cells shows a peak that is likely to be present at much longer time scales. The difference in the fourth order susceptibility illustrates the spatial and temporal heterogeneity. A fuller analyses of the simulation results confirm that the dynamics is massively heterogeneous with substantial cell-to-cell variations. The dynamics of individual cells varies greatly depending on their spatial locations in the tumor. We predict that the exponents associated with the mean square displacement should change continuously as function of cell distance from the center of the spheroid. This prediction, which already has partial support (see Figure 1d ), could be further tested by imaging experiments that track a much larger number than is currently possible.
The excellent agreement between simulations, which were not intended to model the specifics of a fibrosarcoma tumor spheroid in a 3D college matrix, and experiments allows us to suggest generic mechanisms that govern the growth of spheroids. Besides the short-range cell-cell interactions the parameters that control tumor expansion in our simulations are the asymmetry between cell birth (k b ) and apoptosis rates (k a ), and a dormancy factor that is expressed in terms of a pressure threshold that a cell experiences. The imbalance (k b k a ) produces self-generated active forces [48] that act in a directed manner on cells that are close to the periphery, facilitating their persistent motion. Such forces in cells are related to myosin-based contractile stresses, which have been argued to be a major factor in the directed growth [15] . Our previous study also suggested (see especially Figure 14 in [23] ) that there must be a high degree of correlation in the movement of neighboring cells at the tumor periphery. In other words, the surprising superdiffusive behavior is a consequence of collective correlated motion of cells near the boundary. Because these arguments are general, we propose that global dynamics of a growing spheroid must exhibit the features (superdiffusive motion in the periphery, jamming in the interior, and high degree of spatial heterogeneity in the movement of individual cells). Finally, it is likely that the non-equilibrium dynamics, arising due to k b k a may also be relevant in other situations such as, embryogenesis, and wound healing. of a growing spheroid. The measurements [15] were performed on Day 7 of the growth. A schematic of the core and periphery in terms of R c is shown in the upper left. The blue line shows the MSD for cells in the core (R c < 1.5 mm) and orange line depicts the MSD for cells in the periphery (R c > 2 mm). The inset shows the plot for log(∆(t)) vs log(t) for cells in the core and periphery, where the periphery MSD has been multiplied by a factor of 10 for clarity. The slope of the curve log(∆(t)) vs log(t), is the value of α in the equation
The black (red) line in the inset show the power law fit yielding α = 1.34 (0.66). 
